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ABSTRACT

Human-induced pluripotent stem cell-derived cardiomyocytes (hiPSC-CMs) are being used as an in vitro model system in
cardiac biology and in drug discovery (e.g., cardiotoxicity testing). Qualification of these cells for use in mechanistic
investigations will require detailed evaluations of cardiomyocyte signaling pathways and cellular responses. ErbB signaling
and the ligand neuregulin play critical roles in survival and functional integrity of cardiac myocytes. As such, we sought to
characterize the expression and activity of the ErbB family of receptors. Antibody microarray analysis performed on cell
lysates derived from maturing hiPSC-CMs detected expression of ∼570 signaling proteins. EGFR/ErbB1, HER2/ErbB2, and
ErbB4, but not ErbB3 receptors, of the epidermal growth factor receptor family were confirmed by Western blot. Activation
of ErbB signaling by neuregulin-1� (NRG, a natural ligand for ErbB4) and its modulation by trastuzumab (a monoclonal
anti-ErbB2 antibody) and lapatinib (a small molecule ErbB2 tyrosine kinase inhibitor) were evaluated through assessing
phosphorylation of AKT and Erk1/2, two major downstream kinases of ErbB signaling, using nanofluidic proteomic
immunoassay. Downregulation of ErbB2 expression by siRNA silencing attenuated NRG-induced AKT and Erk1/2
phosphorylation. Activation of ErbB signaling with NRG, or inhibition with trastuzumab, alleviated or aggravated
doxorubicin-induced cardiomyocyte damage, respectively, as assessed by a real-time cellular impedance analysis and ATP
measurement. Collectively, these results support the expanded use of hiPSC-CMs to examine mechanisms of cardiotoxicity
and support the value of using these cells in early assessments of cardiotoxicity or efficacy.
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There continues to be an urgent need to develop more appropri-
ate, relevant, and predictive tools and assays to inform a better
understanding of the mechanistic basis of cardiotoxicity. Tar-
geted therapeutics may be associated with general cytotoxic-
ity or mechanisms of toxicity related to “on-target” effects par-

ticularly when cardiomyocyte viability is dependent upon the
targeted pathway for cell viability or survival (Force and Ko-
laja, 2011). In vitro cell systems employed to interrogate mech-
anisms of toxicity are suitable for generating experimental evi-
dence supporting mechanistic hypotheses when the system has
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been adequately characterized. Little is known about the func-
tionality of cell signaling pathways in human-induced pluripo-
tent stem cell-derived cardiomyocytes (hiPSC-CMs) cultures. We
evaluated hiPSC-CMs (Takahashi and Yamanaka, 2006; Yu et al.,
2007) for use in mechanistic investigations of cardiac toxicity
involving the ErbB signaling pathway. We show that maturing
hiPSC-CMs express several cell signaling proteins that may play
roles in mediating cardiac toxicities associated with anti-cancer
agents. We examined the activation states of key receptor and
cell signaling proteins and specifically measured the effect of
neuregulin/ErbB signaling on doxorubicin-induced cardiotoxic-
ity. Our data support the use of hiPSC-CMs to explore cardiac cell
signaling pathways and the role of the ErbB2 pathway in medi-
ating mechanisms of cardiac toxicity for new uncharacterized
early drug candidates.

MATERIALS AND METHODS

Chemicals. Doxorubicin-HCl (purchased from Enzo Life Sciences
Farmingdale, NY) and lapatinib [provided by the Developmen-
tal Therapeutics Program, National Cancer Institute (Bethesda,
MD)] were dissolved in dimethyl sulfoxide (DMSO) before di-
luted in media for cell treatments. Trastuzumab was purchased
from Genentech, Inc. (South San Francisco, CA) and solubi-
lized in Maintenance Medium (Cellular Dynamics International
(CDI), Madison, WI). Recombinant human neuregulin-1� (NRG1-
�1/HRG1-�1 EGF domain) was purchased from R&D Systems
(Minneapolis, MN) and dissolved in PBS containing 0.1% bovine
serum albumin at 100-�g/ml stock concentration and diluted in
Maintenance Media for cell treatments.

Cell culture. Cryopreserved human iPSC-derived car-
diomyocytes (iCell Cardiomyocytes, CDI) were thawed,
plated, and maintained per manufacturer’s instruc-
tions (http://www.cellulardynamics.com/products/lit/
CDI iCellCMUsersGuide121106.pdf). Cells were thawed and
plated in iCell Cardiomyocytes Plating Medium (CDI) in 0.1%
gelatin-coated 6-, 12-, 24-, or 96-well plates. Plating Medium was
replaced by Maintenance Medium (CDI) after 48 h post-plating,
and medium change was performed every 2 or 3 days. Cells
were cultured at 37◦C and 5% CO2.

Light and fluorescence microscopy and image analysis. Cells were
plated on 96-well plates at 5 or 10 k/well. On Day 2 and Day
14, cells were imaged under bright light and a 30-s video was
taken from the center field of each well using Nikon ECLIPSE
Ti microscope/Nikon DS-Ri1 digital camera system (Nikon In-
struments Inc., Melville, NY) for manually assessing contraction
(beating). After imaging, the cells were fixed in 3% paraformalde-
hyde for 10 min, permeabilized and blocked with 0.1% Triton-
X 100 in PBS, Odyssey Blocking Buffer (LI-COR Biosciences, Lin-
coln, NE), and incubated with anti-cardiac troponin I (1:100; Ab-
cam, Cambridge, MA) and anti-myomesin (clone B4) (1:50; Uni-
versity of Iowa Developmental Studies Hybridoma Bank, Iowa
City, IA) for 2 h at room temperature. Subsequently the cells
were incubated with appropriate secondary antibodies conju-
gated with fluorescence-dyes (1:1000 Life Technologies, Grand
Island, NY) for 1 hr at room temperature. The nuclei were
stained with Hoechst (2 �g/ml, Life Technologies) for 15 min. The
stained cells were imaged in three different channels and ana-
lyzed using IN Cell Analyzer 2000 software (Multi-Target Analy-
sis module) (GE Healthcare Bio-Sciences, Pittsburgh, PA) to seg-
ment cells based on staining pattern. The blue 4’,6-diamidino-2-
phenylindole (DAPI) channel was used to detect nuclei, the red

(Cy3) channel detected cTnI, and the green fluorescein isothio-
cyanate (FITC) channel detected myomesin.

Electron microscopy and image analysis. Cells were plated on 6-well
plates and fixed on Day 2 or Day 14 in 2% glutaraldehyde, 0.1-M
cacodylate buffer, pH 7.4 for 1 h at room temperature and then
stored at 4◦C until transmission electron microscopy was per-
formed. The cells were post fixed in 1% osmium tetroxide in the
same buffer for 1 h and en bloc stained with 0.5% uranyl acetate
in 0.1-M acetate buffer, pH 4.2. The cells were then dehydrated
in graded ethanol solutions (35%, 50%, 70%, 95%, 100%) and in-
filtrated overnight in epoxy resin (Poly/Bed 812, Polysciences,
Warrington, PA). After adding fresh pure resin, the cell plates
were cured for 72 h in 55◦C. After removing the polystyrene
plates, suitable areas for thin sectioning were selected, cut out
with a jewelry saw, and glued onto empty resin stubs. Approxi-
mately 70-nm thin sections were cut on an ultramicrotome (Le-
ica EM UC6, Leica Microsystems, Buffalo Grove, IL) and mounted
on naked copper grids. The thin sections were double stained
(uranyl acetate and lead citrate), examined in a Hitachi H-7650
transmission electron microscope (Hitachi High Technologies
America, Gaithersburg, MD), and images were taken using an
AMT CCD camera (Advanced Microscopy Techniques, Woburn,
MA). The area of mitochondria and sarcomeres were segmented
and quantified using Definiens Developer XD 64 software, ver-
sion 2.0.4. (Definiens Inc., Carlsbad, CA) (see Supplementary fig.
1 for illustration).

Kinex antibody microarray protein profiling. Protein profiling ser-
vices were conducted by Kinexus (Vancouver, BC, Canada) us-
ing the Kinex antibody microarray that consists of 517 pan-
specific antibodies and 337 phospho-site-specific antibodies.
The cell lysis buffer supplied by Kinexus consisted of 20-
mM 4-morpholinepropanesulfonic acid, 2-mM ethylene glycol
tetraacetic acid, 5-mM ethylenediaminetetraacetic acid (EDTA),
30-mM sodium fluoride, 60-mM �-glycerophosphate, pH 7.2, 20-
mM sodium pyrophosphate, 1-mM sodium orthovanadate, and
1% Triton X-100 supplemented with protease inhibitors and
dithiothreitol. Frozen samples were shipped overnight on dry ice
to Kinexus for analysis. In brief, 50 �g of lysate protein collected
from Day 14 hiPSC-CM cultures was covalently labeled with a
proprietary fluorescent dye. Free dye molecules were removed at
the completion of labeling reactions by gel filtration. After block-
ing non-specific binding sites on the Kinex microarray, an in-
cubation chamber was mounted onto the microarray to permit
loading of the two samples side by side on the same chip and
prevent mixing of the samples. Following sample incubation,
unbound proteins were washed away. Each array produced a pair
of 16-bit images, which were captured with a Perkin-Elmer Sca-
nArray Reader laser array scanner (Waltham, MA). Signal quan-
tification was performed with ImaGene 8.0 from BioDiscovery
(El Segundo, CA) with predetermined settings for spot segmen-
tation and background correction. The globally normalized sig-
nal intensity was used to assess the expression level of targeted
proteins.

Western blot analysis. HiPSC-CMs were washed with ice cold PBS
before being lysed directly in plates using RIPA buffer (0.5-M
Tris-HCl, pH 7.4, 1.5-M NaCl, 2.5% deoxycholic acid, 10% NP-40,
10-mM EDTA; Millipore, Billerica, MA, USA) supplemented with
0.5% sodium dodecyl sulfate (Sigma) and phosphatase and pro-
tease inhibitor cocktails (Sigma and Thermo Scientific Pierce,
Rockford, IL, respectively), followed by brief sonication. Protein
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concentration was quantified using the bicinchoninic acid (BCA)
protein assay kit (Thermo Scientific Pierce).

For detection of signaling proteins, AKT and Erk1/2 in the
activation experiments, lysate was loaded onto a 10% Tris-HCl
Ready Gel, 10 well, 50 �l/well (Bio-Rad, Hercules, CA) at 10 �g of
protein/well. For characterizing receptor protein expression lev-
els, lysate was loaded onto a 4–15% Ready Gel Tris-HCl (1 large
well for cell lysate and 1 smaller well for molecular weight mark-
ers; Bio-Rad) at 400 �g of protein in 450 �l. Protein was trans-
ferred to membrane and membranes were probed for protein
detection. All membranes were incubated with primary anti-
bodies overnight at 4◦C and secondary antibody incubation for
1 h at room temperature. Membranes were imaged using the
Odyssey Infrared Imaging System (LI-COR). Relative intensities
of the protein bands were quantified using the Image Studio 2
software program (LI-COR). The signal intensities of each sam-
ple were normalized to glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH).

The primary antibodies used for all Western blots were
ErbB1/EGFR (Cell Signaling at 1:250), ErbB2/HER2 (Cell Sig-
naling at 1:500), 3 ErbB3/HER3 (Cell Signaling and Abcam
at 1:100 to 1:1000), phospho-ErbB3(Y1328) (Kinexus at 1:500),
ErbB4/HER4 (Cell Signaling at 1:500), AKT1/2/3 pan (Cell Sig-
naling at 1:500), phospho-AKT(Ser473) (Cell Signaling at 1:250),
p44/42 MAPK (Erk1/2) (Cell Signaling at 1:500), phospho-p44/42
MAPK (Erk1/2)(Thr202/Tyr204) (Cell Signaling at 1:250), and
GAPDH (Cell Signaling at 1:1000–2000). Secondary antibodies
used were IRDye 680LT goat anti-rabbit (LI-COR) at 1:20,000 and
IRDye 800CW goat anti-rabbit (LI-COR) at 1:10,000.

Nanofluidic proteomic immunoassay. HiPSC-CMs were cultured for
12–14 days before treatment. The cells were washed with ice
cold PBS before being lysed directly in plates using M-PER Mam-
malian Protein Extraction Reagent (Thermo Scientific Pierce)
supplemented with phosphatase and protease inhibitors (Sigma
and Thermo Scientific Pierce). Lysate from duplicate wells was
pooled then briefly sonicated and centrifuged at 15,000 × g for 15
min at 4◦C. The clarified lysate was then aliquoted into smaller
volumes and stored at −80◦C. The hiPSC-CMs lysates were run in
triplicate on the NanoPro1000 instrument (ProteinSimple, Santa
Clara, CA) at 0.05 or 0.1-mg/ml final concentration in the capil-
lary along with Premix G2, Pharmalyte pH 5–8 separation gradi-
ent and pI standard ladder 3 from ProteinSimple. The proteins
were separated by their isoelectric point at 21,000 �W for 40 min
and immobilized to the capillary wall for 105 s. The 0.1-mg/ml
concentrated proteins were then probed for either AKT1/2/3
(Santa Cruz Technology, Santa Clara, CA), AKT1 (Millipore), AKT2
(Cell Signaling), or phospho-AKT (Ser473) (Cell Signaling) all
at 1:50 dilution and incubated for 240 min for phospho-AKT
and 120 min for AKT1/2/3, AKT1, and AKT2 antibodies. The
0.05-mg/ml concentrated proteins were probed with either pan
Erk1/2 (ProteinSimple) or phospho-Erk1/2 (Thr202/Tyr204) (Cell
Signaling) at 1:50 dilution and incubated for 120 min each.
Next, the proteins were probed with anti-rabbit biotinylated sec-
ondary antibody (ProteinSimple) at 1:100 dilution and incubated
for 60 min, followed by probing with Streptavidin-HRP conju-
gate (ProteinSimple) at 1:100 dilution and incubated for 10 min.
Proteins were detected by chemiluminescence at 240 and 480 s.
Quantification of AKT and Erk protein peaks was determined by
Compass (Version 2.3.7) analysis software (ProteinSimple).

siRNA transfection. HiPSC-CMs were plated on 6-well plates, cul-
tured for at least 14 days, and transfected with 100-nM ON-
TARGETplus SMARTpool human ErbB2 siRNAs or Non-targeting

pool control siRNAs (Thermo-Fisher Scientific/Dharmacon,
Pittsburgh, PA) using Lipofectamine RNAiMAX/Opti-MEM (Life
Technologies) for up to 144 h. Cells were then treated with or
without NRG (100 ng/ml) for 30 min and lysed in radio immuno-
precipitation assay (RIPA) buffer. Downregulation of ErbB2 ex-
pression and NRG-induced AKT or Erk1/2 phosphorylation was
determined by Western analysis with 30- and 10-�g protein
loading in each lane, respectively.

Real-time cellular analyzer cardiomyocyte monitoring. HiPCS-CMs
were seeded in 0.1% gelatin-coated 96-well E-plates (Roche Ap-
plied Sciences, Mannheim, Germany and ACEA Biosciences, San
Diego, CA) at 18 × 103 cells/well and cultured at 37◦C, 5% CO2

for 10–14 days before drug treatment. The medium change was
performed every 2–3 days. Spontaneous cardiomyocyte contrac-
tion and cell health were monitored in real-time by impedance,
reported as cellular impedance index, using xCELLigence real-
time cellular analyzer (RTCA) Cardio system (Roche Applied
Sciences/ACEA Biosciences) as previously described (Guo et al.,
2011). The impedance signal was sampled at 77 Hz and recorded
at selected time points for 30 s per sweep. For drug treatment,
trastuzumab and recombinant human neuregulin-1 were di-
luted in the maintenance medium at 2x target concentration,
and doxorubicin at 10x target concentration. Drug dilutions were
equilibrated in 37◦C, 5% CO2 incubator for 30 min before being
applied to E-plates. Cells in selected wells were pre-treated with
1-�M trastuzumab or 100-ng/ml NRG for 24 h before exposure to
doxorubicin at various concentrations between 0.1 and 1 �M for
40 h. For data analysis, cellular impedance index, beat rate, and
amplitude were measured off-line using RTCA Cardio software
1.0 (Roche Applied Sciences/ACEA Biosciences) and normalized
for each well to the baseline (pre-dose) values measured prior to
doxorubicin treatment.

ATP measurements. Upon the completion of impedance record-
ing, the intracellular ATP of cardiomyocytes in each E-plate was
quantified using CellTiter-Glo Luminescent kit (Promega, Madi-
son, WI). The assay was conducted according to the manufac-
ture’s recommendation. The luminescence intensity was mea-
sured using an Infinite M1000 plate reader (Tecan, Grodig, Aus-
tria).

Statistical analysis. Data presented represent the mean ± stan-
dard error of the mean (SEM) of at least three independent cell
culture experiments. Student’s t-test for two-group comparisons
was used to assess the statistical significance, and the value of p
� 0.05 was considered significant. Statistical analysis was con-
ducted with Microsoft Excel 2010.

RESULTS

HiPSC-CMs Exhibit a Functional Cardiomyocyte Phenotype in Culture
In short-term cultures, hiPSC-CMs underwent a progressive
transition toward a more functional cardiac myocyte pheno-
type. The number of cells with visible twitching or beating in-
creased from ∼40% on Day 2 to more than 95% on Day 14;
this was accompanied with a 51% increase in cell size or a
38% increase in the ratio of cell/nuclear area as determined by
light/fluorescence microscopic measurement of the troponin I
(cTnI) stain (Fig. 1). The contractility of cardiomyocytes, deter-
mined by the beating amplitude of impedance measurements,
increased by 8-fold, and was consistent with a 29% increase in
myomesin expression as measured by the staining signal inten-
sity (Fig. 2). Myomesin is a core component of functional sar-
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FIG. 1. HiPSC-CMs in culture for 2 or 14 days after plating. (A) Microscopic images before fixation (top) and after, stained (bottom) for cTnI (red), myomesin (green), and
nuclei (blue), demonstrate hypertrophic growth of hiPSC-CMs in culture. Bar represents 60�M. (B) Frequency distribution of cell surface area based on cTnI-stained

cells (n � 6000 cells each from Day 2 and Day 14 cultures) shows an increased cell population with larger cell size in Day 14 cultures. (C) Comparison of cell surface
area and the ratio of cell/nuclear area of cTnI-stained cells from Day 2 or Day 14 cultures. Each bar represents the mean ± SE of 20 wells. *p � 0.05 versus Day 2.

FIG. 2. Enhancement of contractile properties in cultured hiPSC-CMs. (A) Screenshots of spontaneous beating cells taken from the same four wells on Day 2 and Day
14. Horizontal scale bar represents 3 s; vertical scale bar represents 0.06 arbitrary units (AU). (B) Comparison of beat amplitude and (C) myomesin staining intensity in
cells from Day 2 or Day 14 cultures. Each bar represents the mean ± SE of 32 (B) or 20 (C) wells. *p � 0.05 versus Day 2.

comere structure of striated muscles, including cardiomyocytes
(Agarkova and Perriard, 2005).

The beat rate was 36 ± 1.2 at Day 2 and 35 ± 0.3 at Day 14
(mean ± SE, n = 32, p = 0.29). Although the overall beat rate did
not show statistical significance, cells at Day 14 exhibited much
less well-to-well variation than those at Day 2. The calculated
coefficient of variation for beat rate measured at Day 2 was 18%
and 5% at Day 14, representing a range of beat rate variation be-

tween 24 and 53 beats/min at Day 2, and between 32 and 39 at
Day 14, respectively.

Differences in ultrastructural features of hiPSC-CMs between
Day 2 and Day 14 cultures were also noted from transmission
electron microscopic images. As shown in Figures 3A–C, cells
on Day 2 in culture contained few well-developed sarcomeres,
but rich disorganized myofilaments. Cells on Day 14 displayed
an increased population of organized myofilaments with well-
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FIG. 3. Transmission electron microscopy (TEM) images of hiPSC-CMs demonstrate maturation to a more functional cardiac myocyte phenotype. (A) Low magnification

(×1000) TEM images illustrate the presence of abundant mitochondria in hiPSC-CMs cultured for 2 or 14 days; well-defined sarcomeres are sparse in Day 2 cell cultures.
(B) High magnification (×5000) TEM images show the disorganized myofilaments, the lack of Z-like dense structures and aligned sarcomeres in Day 2 hi-PSC-CMs,
whereas the well-developed sarcomeres are frequently observed in Day 14 hi-PSC-CMs. (C) Underconstruction and well-established sarcomeres of hiPSC-CMs in Day 2
and Day 14 cultures, respectively. H: H-zone; M: mitochondria; MF: myofilaments; N: nucleus; S: sarcomeres; Z: Z-bands. (D) The area of mitochondria and sarcomeres

relative to the total cell area was quantified using Definiens analysis software in low magnification (×1000) images randomly taken from Day 2 or Day 14 cultures
of hiPSC-CMs. Bar graph depicts equal amounts of mitochondria in both Day 2 and Day 14 cultures, but significantly greater sarcomeres in Day 14 cultures. p � 0.05
versus Day 2; each data point represents mean ± SEM of 20 images per time point.

defined sarcomeres. Sarcomeres and mitochondria were quan-
tified by calculating the fraction of sarcomeres or mitochondria
area over the total cell area (Supplementary fig. 1). Sarcomeres
were significantly increased in Day 14 cultures (Fig. 3D). How-
ever, mitochondria were present in similar abundance in both
Day 2 and Day 14 post-plating cultures (Fig. 3D).

Expression Profile for Select Signaling Proteins From hiPSC-CMs
We examined baseline expression of several cell signaling pro-
teins using a high-content microarray that employs a panel
of 854 pan- and phospho-site-specific antibodies targeting 190
protein kinases, 35 protein phosphatases, 26 stress-response
proteins, 20 transcription factors, and 100 other proteins in-
volved in regulation of cell metabolism, cell cycle progression
and proliferation, and survival or programmed cell death. De-
tailed information for antibodies used and signal intensity mea-
sured for each antibody is provided in Supplementary table 1.
About 90% of proteins probed (565 proteins) exhibited a signal
above the low detection limit of 100 of the globally normalized

signal intensity. Among protein kinases with detectable signal
intensity, 50 are selected (Fig. 4) to represent key protein ki-
nases involved in the growth-activated or stress-activated sig-
naling pathways in human heart, which include several recep-
tor kinases such as ErbB/HER, GPCR, insulin receptor, IGF1R,
PDGFR, and their downstream mediators or effectors includ-
ing PKAs, PKBs (AKT1/2/3/), PKCs, Erk1/2, JAKs, JNKs, and p38-
MAPKs. ErbB3 receptor protein was not performed; however,
a phospho-site-specific (Y1328) ErbB3 antibody showed a sig-
nal. A total of 30 protein phosphatases were detected. KAP
(cyclin-dependent kinase-associated phosphatase), PP2A-B(B56)
(protein-serine phosphatase 2A–B regulatory subunit - B56 al-
pha isoform), PAC1 (dual specificity MAP kinase protein phos-
phatase), Cdc25C (cell division cycle 25C phosphatase), and
PTEN (phosphatidylinositol-3,4,5-trisphosphate 3-phosphatase
and protein phosphatase and tensin homolog deleted on chro-
mosome 10) were the top 5 based on highest signal intensity.
Five of six small GTPase signaling proteins probed displayed a
detectable signal, which are Cdc42 (Cell division control protein
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FIG. 4. List of 50 selected protein kinases involved in the growth factor-activated or stress-activated pathways. Each data point represents the mean signal intensity
in Day 14 hiPSC-CM cell lysates from three independent experiments using microarray protein analysis as described in the Materials and Methods section.

42 homolog), Rac1 (Ras-related C3 botulinum toxin substrate 1)
pan- and S71, ROKb/ROCK1 (RhoA protein-serine kinase beta),
and ROKa/ROCK2 (RhoA protein-serine kinase alpha).

HiPSC-CMs Express ErbB Receptors
Because ErbB signaling is critical to normal cardiac function, we
measured expression of four epidermal growth factor receptor
family (EGFR) members: EGFR/ErbB1, ErbB2, ErbB3, and ErbB4.
HiPSC-CMs expressed ErbB1, ErbB2, and ErbB4 receptors as de-
termined by Western blot analysis (Fig. 5A). Protein expression
levels of ErbB4 receptor were approximately double that mea-
sured for ErbB2 receptor, which was approximately double the
expression of ErbB1 receptor (Fig. 5B). ErbB3 receptor protein ex-
pression, as determined by Western blot analysis, was not de-
tected in the same hiPSC-CM lysates using three different an-
tibodies targeting different residues of the ErbB3 receptor pro-
tein or the phospho-site-specific (Y1328) ErbB3 antibody used
in the microarray. The quality of all three pan ErbB3 antibodies
was confirmed by their detection of both the recombinant ErbB3
protein and ErbB3 protein in H441 cell lysates (data not shown).
These findings were not surprising and may suggest that ErbB
signaling is well developed in these hiPSC-CMs because ErbB3
receptor plays a role in cardiomyogenesis during heart develop-
ment, but is not detectable in adult ventricular cardiomyocytes
(De Keulenaer et al., 2010, Zhao et al., 1998).

The ErbB Signaling Pathway can be Activated in hiPSC-CMs by
Neuregulin-1� (NRG)
We investigated whether NRG, a principal endogenous ligand
for ErbB4 receptor, activates AKT and/or Erk1/2. Using antibod-
ies specific for phosphorylated AKT(Ser473) and phosphorylated
Erk1/2(Thr202/Tyr204), we demonstrated activation of both sig-
naling proteins after treatment with NRG. Figure 6A shows in-
creased expression of phosphorylated AKT after treatment with
20-ng/ml NRG for either 10 or 30 min that were statistically sig-
nificant (p � 0.05) compared with their time-matched controls
(Fig. 6C). Erk1/2 was activated transiently by media change as
seen by increased expression of phosphorylated Erk1/2 10 min
after treatment with or without NRG. After 30 min, phospho-
rylated Erk1/2 expression was back to untreated (i.e., no media

change) control levels, whereas 20-ng/ml NRG clearly activated
Erk1/2 to statistically significant levels (p � 0.05) compared with
the 30-min control (Figs. 6B and D). The total AKT or Erk1/2 re-
mained unchanged in all groups (Figs. 6C and D).

AKT and Erk1/2 activation was confirmed using nanofluidic
proteomic immunoassay (NIA) that separates proteins based on
isoelectric point (Fan et al., 2009). Amino acid phosphorylation
results in a shift in isoelectric point allowing for detection of
all residues of phosphorylated protein of interest. NIA analysis
of cell lysates from untreated hiPSC-CMs probed with anti-total
AKT1/2/3, AKT1, or AKT2 antibodies revealed eleven isoelectric
peaks at pI = 5.00, 5.05, 5.09, 5.15, 5.21, 5.27, 5.31, 5.38, 5.43, 5.47,
and 5.63 (Supplementary fig. 2). We confirmed peaks between
5.00 and 5.38 represent AKT1, and peaks between 5.43 and 5.63
represent AKT2 using isoform-specific antibodies against AKT1
or AKT2. No AKT3 isoform peaks were detected with anti-total
AKT1/2/3 antibody. Based on isoelectric point, only three peaks
were evident using the AKT2 antibody; thus, AKT2 was used as
a simplified readout of ErbB activation.

Phosphorylated proteins show a leftward shift in pI values
compared with the non-phosphorylated form. Figure 7 shows
the NIA analysis of lysates collected from cells treated with
NRG (20 ng/ml) or fresh medium (control) for 30 min. Anti-AKT2
antibody detected three large peaks (pI = 5.43, 5.47, and 5.63)
and three small peaks (pI = 5.21, 5.31, and 5.38) in lysates from
cells receiving fresh medium alone. The signal intensity of all
three large peaks with pI � 5.40 was reduced whereas all small
peaks with pI � 5.40 were increased; an additional two peaks at
pI 5.09 and 5.15 were also detected in NRG-treated cell lysates
(Fig. 6A, upper row). NIA analysis of medium-treated cell lysates
with anti-pAKT(Ser475) antibody detected no peaks at pI � 5.40,
but five small peaks left to pI 5.40 (pI = 5.05, 5.09, 5.15, 5.21,
and 5.38). All these small peaks increased in NRG-treated cell
lysates, and additional peaks at pI (4.97 and 5.00) emerged (Fig.
7A, lower row). These results suggest that (1) probed with anti-
AKT2 or anti-pAKT(Ser475) antibody, peaks with pI � 5.40 repre-
sent phosphorylated AKT, whereas those with pI � 5.40 consti-
tute non-phosphorylated AKT; (2) there was a low level of basal
AKT phosphorylation in cultured hiPSC-CMs. The AKT peaks



ELDRIDGE ET AL. 553

FIG. 5. Expression of ErbB1, ErbB2, and ErbB4 receptors in hiPSC-CMs. Four-hundred microgram of total protein in 450 �l was loaded in the gel and each antibody

marker was probed in duplicate lanes. GAPDH served as the loading control. (A) Representative Western blot. (B) Relative density of the bands normalized to GAPDH.
Each data point represents the mean ± SE of three independent experiments.

FIG. 6. Activation of downstream ErbB signaling proteins in hiPSC-CMs. Cells treated with 20-ng/ml neuregulin-1� (NRG) for either 10 or 30 min; untreated controls
did not receive fresh media, whereas the time-matched controls (at 10 or 30 min) as well as the neuregulin-treated groups did receive fresh media at the time of

treatment. Representative Western blot for AKT (A) and Erk1/2 (B); 10 �g total protein was loaded into each individual well of a 10-well mini-gel (50 �l per well).
Blots were first probed for phosphorylated AKT and Erk1/2, then stripped and re-probed for total AKT, total Erk1/2, and GAPDH. Relative density of the AKT bands
normalized to GAPDH (C). Relative density of the Erk1/2 bands normalized to GAPDH (D). Each data point represents the mean ± SEM of three independent experiments.
*#Statistically significant at p � 0.05: *pAKT 30-min control significantly less than untreated control; #pAKT 10-min and 30-min NRG treatment significantly greater

than time-matched controls; *pErk1/2 10-min control significantly greater than untreated control; #pErk1/2 30-min NRG significantly greater than 30-min control.
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FIG. 7. Activation of multiple phosphorylation isoforms of AKT and Erk1/2 by neuregulin-1� (NRG). HiPSC-CMs were treated (or untreated) with fresh medium (time-
matched vehicle control) or NRG 20 ng/ml (diluted in the fresh medium) for 10 or 30 min before lysed as described in the Materials and Methods section. Lysates were
analyzed by the nanofluidic proteomic immunoassay (NIA) using antibodies raised against either the total protein or specific phosphorylated-site of AKT and Erk1/2.

(A) Representative traces of nanofluidic proteomic immunoassay (NIA) analysis of 30-min treatment samples using anti-AKT2 or anti-pAKT(Ser473) to detect the non-
phosphorylated or phosphorylated AKT. The vertical dashed line separates peaks of phosphorylated (pI � 5.40) or non-phosphorylated (pI � 5.40) ATK. Note the leftward
shift and dramatic increases in phosphorylated peaks after NRG treatment. (B) Representative traces of NIA analysis of 30-min treatment samples using anti-Erk1/2 or
anti-pErk/12(Thr202/Tyr204) to detect the non-phosphorylated or phosphorylated Erk1/2. Isoelectric peaks corresponding to the non-phosphorylated Erk1/2 and their

mono- or dual-phosphorylated isoforms (pErk1/2 or ppErk1/2) are marked with vertical dashed lines. NRG treatment reduces the non-phosphorylated peak intensity of
Erk1 and Erk2 and increases the peak intensity of phosphorylated isoforms, especially ppErk1 and ppErk2. The level of phosphorylation for AKT or Erk1/2 is quantified
by either the phospho-/non-phosphorylated peak intensity ratio (C), or by the peak intensity of all phosphorylated isoform peaks (D). Each data represents the mean
± SE of three independent experiments. *p � 0.05 versus the time-matched control group. Isoelectric point (pI) is shown on the x-axis and chemiluminescence on the

y-axis in (A) and (B).

identified using NIA were similar to previously published find-
ings using NIA (Guo et al., 2013).

As shown in Figure 7B, NIA analysis of medium or NRG-
treated (for 30 min) cell lysates with anti-total Erk1/2 and
anti-pErk/12(Thr202/Tyr204) antibodies identified six isoelec-
tric peaks that represent non-phosphorylated isoforms Erk1
and Erk2, mono-phosphorylated Erk1(pErk1) and Erk2 (pErk2),
or dual-phosphorylated Erk1(ppErk1) and Erk2 (ppErk2), respec-
tively. Activated phosphorylation of Erk1/2 was manifested by a
remarkable reduction in non-phosphorylated peaks of Erk1and
Erk2, and a significant increase in phosphorylated peaks of pErk1
and pErk2, particularly ppErk1 and ppErk2. The Erk1/2 peaks
identified using NIA were consistent with previously published
findings using NIA (O’Neill et al., 2006).

Quantification of AKT or Erk1/2 phosphorylation using anti-
total antibody-detected peaks was made by calculating the ra-
tio of all phosphorylated peaks over all non-phosphorylated
peaks (Fig. 7C). AKT phosphorylation was increased by 7-fold

(p � 0.05) with either 10- or 30-min NRG treatment, whereas
Erk1/2 phosphorylation was increased by 6- or 59-fold (both p
� 0.05) when cells were treated with NRG for 10 and 30 min,
respectively. When anti-phosphorylation site-specific antibody-
detected peaks were used to quantify AKT or Erk1/2 phosphory-
lation, the signal intensity of all phosphorylated peaks was cal-
culated because non-phosphorylated peaks were not detected
(Fig. 7D). This calculation revealed a 6- or 38-fold increase (both
p � 0.05) of AKT phosphorylation by NRG treatment for 10 or
30 min, respectively. Erk1/2 phosphorylation was increased by
15-fold in 30-min NRG treatment (p � 0.05), but the increase in
10-min NRG treatment was not statistically significant as fresh
medium itself caused a transient increase in Erk1/2 phosphory-
lation.

ErbB Signaling can be Modulated by ErbB Receptor Inhibitors
We investigated activation of AKT and Erk1/2 when cells
were pretreated with ErbB2 inhibitors. As shown in Figure 8,
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FIG. 8. Attenuation of neuregulin-1� (NRG)-activated phosphorylation of AKT and Erk1/2 by lapatinib (LPN) and trastuzumab (TZM). HiPSC-CMs were pretreated
with lapatinib (1�M) or trastuzumab (1�M) for 30 min before changing to fresh media (vehicle control) or NRG 100 ng/ml (by adding 10X stock prepared in fresh
media) for 30 min. Lysates were prepared and analyzed as described in the Materials and Methods section. (A) and (B) show representative traces of NIA analysis to
illustrate the change of phosphorylated and non-phosphorylated peaks by NRG alone, or subsequently with LPN and TZM. (C) and (D) show quantification of AKT or

Erk1/2 phosphorylation by the phospho-/non-phosphorylated peak intensity ratio, or by the peak intensity of all phosphorylated isoform peaks, respectively. Each
bar represents the mean ± SE of three independent cell culture experiments. *p � 0.05 versus NRG treatment group. Isoelectric point (pI) is shown on the x-axis and
chemiluminescence on the y-axis in (A) and (B).

pre-incubation for 30 min with lapatinib, a small molecule
ErbB2/ErbB1 receptor kinase inhibitor, or by trastuzumab, a hu-
manized monoclonal antibody against ErbB2 receptor reduced
NRG-activated AKT phosphorylation (measured 30 min after
NRG treatment) significantly (p � 0.05) by 92% and 81% (Fig. 8C)
or 99% and 89% (Fig. 8D). Similarly, NRG-activated Erk1/2 phos-
phorylation was completely blocked by lapatinib or reduced sig-
nificantly (p � 0.05) by 96% or 70% by trastuzumab (Figs. 8C and
D).

Downregulation of ErbB2 Expression Attenuates ErbB Signaling Acti-
vation
We tested whether downregulation of ErbB2 expression could
modulate activation of AKT and Erk1/2 phosphorylation by NRG.
As shown in Figures 9A and C, Western blot analysis of hiPSC-
CMs transfected with targeted ErbB2 siRNAs reduced ErbB2 ex-
pression effectively by 73% and 90% (both p � 0.05) after 72-
or 144-h transfection, respectively. Partial reduction in NRG-
activated AKT and Erk1/2 phosphorylation (Figs. 9B and D) was
observed after 72-h transfection. Compared with the control

siRNA group, NRG-induced AKT and Erk1/2 phosphorylation
was reduced by 30% and 11%, respectively, in ErbB2-targeted
siRNA group (both p � 0.05).

Regulation of ErbB2 Pathway Modulates Doxorubicin-Induced Effects
on hiPSC-CMs in Culture
We measured the effect of ErbB2 pathway modulation on
doxorubicin-induced cytotoxic effects. Up- or downregulation of
ErbB2 signaling was achieved by pretreating cells with NRG (100
ng/ml) or trastuzumab (1�M) for 24 h prior to adding doxorubicin
at multiple concentrations up to 1�M, respectively. Cardiomy-
ocyte contraction and cellular impedance (measure of cell viabil-
ity) were monitored in real time by cellular impedance (Xi et al.,
2011), and intracellular ATP reserve measured upon completion
of observation.

As shown in Figure 10A, doxorubicin caused a change in
both beat rate and amplitude. These effects were modulated by
NRG and trastuzumab. NRG pre-treatment significantly atten-
uated the loss of cellular impedance and ATP that was caused
by doxorubicin at the higher concentration (1�M). In contrast,
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FIG. 9. ErbB2 expression knockdown by targeted siRNAs attenuates neuregulin-1� (NRG)-activated AKT and Erk1/2 phosphorylation. HiPSC-CMs were incubated with
Lipofectamine/Opti-MEM (transfection vehicle), 100-nM scrambled or targeted siRNAs [control (ctrl) or ErB2 siRNAs] for up to 144 h. To test the effect of ErbB2 siRNA
on NRG-activated AKT or Erk1/2 phosphorylation, cells at 72-h transfection were exposed to 100-ng/ml NRG for 30 min prior to lysing in RIPA buffer. (A) and (B)
Representative Western blots of three independent experiments show diminished ErB2 expression and reduced phosphorylation of AKT and Erk1/2 in response to

100-ng/ml NRG treatment. Thirty microgram total protein was loaded into each individual well of a 10-well mini-gel (30 �l/well) (A); 10 �g total protein was loaded
into each individual well of a 10-well mini-gel (30 �l/well) (B). Blots were first probed for phosphorylated AKT(Ser473) and Erk1/2(Thr202/Tyr204), then stripped and
re-probed for total AKT and Erk1/2, and GAPDH. (C) Quantification of ErbB2 expression after 72- or 144-h transfection. ErbB2 expression relative to the protein loading
(GAPDH) was normalized to the transfection vehicle group. (D) and (E) Quantification of NRG-induced AKT and Erk1/2 phosphorylation at 72-h transfection. Proteins

detected by anti-pAKT(Ser473) or anti-pErk/12(Thr202/Tyr204) were expressed as a fraction of that detected by anti-total AKT or Erk1/2 antibodies. Each data point
represents the mean ± SE of three independent experiments. *p � 0.05 compared with control siRNAs, ‡p � 0.05 compared with 72-h ErbB2 siRNAs, #p � 0.05 compared
with vehicle control exposed to NRG.

trastuzumab pre-treatment caused a significant potentiating ef-
fect of doxorubicin on cellular impedance and ATP loss (Figs.
10B–D).

DISCUSSION

Human cardiomyocytes (derived from either embryonic stem
cells or induced pluripotent stem cells) are increasingly being
used to replace primary cardiomyocytes for basic cardiac biol-
ogy research and in drug discovery or toxicology testing (Force
and Kolaja, 2011; Ivashchenko et al., 2013; Pointon et al., 2013;
Scott et al., 2013). These cells have many advantages when com-
pared with cardiomyocytes derived from postnatal mammalian
hearts. For example, primary cardiomyocytes derived from post-
natal mammalian hearts have been shown to undergo a rapid
dedifferentiation and may regain proliferating capacity in cul-
ture (Qian and Guo, 2010; Zhang et al., 2010). In contrast, stem
cell-derived adult human cardiomyocytes, induced to differen-
tiate in culture and frozen at Day 30, retain a post-differentiated
myocardial phenotype and continue on a slow but progressive
maturation process in culture (Babiarz et al., 2012; Ivashchenko
et al., 2013; Lundy et al., 2013; Shinozawa et al., 2012). We com-
pared the contractile function and cell morphology between Day
2 and Day 14 cell cultures (equivalent to Day 32 and Day 44 post-
differentiation). We found that at Day 14 hiPSC-CMs show con-
tractile properties, maintain a post-differentiated phenotype,
and exhibit hypertrophic growth in culture. These results are

generally in agreement with previous reports (Babiarz et al., 2012;
Ivashchenko et al., 2013; Lundy et al., 2013; Shinozawa et al., 2012)
and provide an additional line of evidence to demonstrate that
hiPSC-CMs structurally and functionally exhibit a more adult-
like cardiac phenotype, rather than rapidly dedifferentiating like
isolated primary cardiomyocytes in culture.

We report, for the first time, a protein expression profile of
hiPSC-CM lysates obtained via high-content antibody microar-
ray employing 854 antibodies that target mainly intracellular
signaling proteins. Babiarz et al. (2012) examined mRNA and
miRNA expression in hiPSC-CMs at various times after initia-
tion of differentiation and found that the transcriptome largely
stabilizes to an adult-like phenotype following 28 days of dif-
ferentiation and continues to mature in culture. The level of
expression of mRNAs for several cell signaling proteins in hu-
man embryonic stem cell-derived cardiomyocytes, closely re-
lated to hiPSC-CMs, was reported by Földes et al. (2011). More-
over, signaling proteins in the left ventricle obtained from a
healthy adult male were profiled with LC-MS/MS spectrometer
(Aye, et al., 2010). Protein phosphatases, small GTPase signal-
ing proteins and phosphorylated proteins that were detected in
the adult human left vehicle were abundant in our hiPSC-CMs
lysate. These comparative results imply that protein expression
in hiPSC-CMs after 14 days in culture is similar to the mature
state of the left ventricular phenotype.

There are few reports of specific characterizations of cell sig-
naling pathways in hiPSC-CMs. Ivashchenko et al. (2013) char-
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FIG. 10. Neuregulin-1� (NRG) attenuates and trastuzumab (TZM) potentiates doxorubicin (Dox)-induced cardiomyocyte injury. (A) Representative screenshots of
spontaneous beating cells taken from wells before or after exposure to Dox (1�M) or vehicle (0.1% DMSO) following pretreatment with NRG (100 ng/ml) or TZM (1�M)

for 24 h. Horizontal scale bar: 3 s; vertical scale bar: 0.05 arbitrary units. (B) Real-time monitoring of cellular impedance for cells exposed to 0.3 or 1-�M Dox after pre-
treatment with NRG (100 ng/ml) or TZM (1�M) for 24 h. Readings for each well were normalized to the baseline level prior to Dox application (marked by the arrow).
For clarity, not all treatment groups are shown. Cellular impedance and intracellular ATP measured after 40-h exposure to Dox are plotted in (C) and (D). Data point
for each concentration is the average of 9–12 wells from four to five separate experiments. RLU: relative light units; *p � 0.05 compared with Dox; #p � 0.05 compared

with NRG 1�M + Dox.

acterized the functional response of hiPSC-CMs to endothelin-
1 (ET-1) and reported effects on gene expression and activation
of AKT and Erk signaling. Stimulation of hiPSC-CMs with ET-
1 resulted in decreased activation of AKT, but increased acti-
vation of Erk as determined by measuring the ratio of phos-
phorylated to total gene expression. In adult rat cardiac my-
ocytes, ET-1 similarly activated Erk1/2, but not AKT, whereas
neuregulin-1� (NRG) activated both AKT and Erk1/2 (Chung and
Walker, 2007). ET-1 has been reported to regulate contractility
and growth of the mammalian heart and is being explored for
use as a cardio-protective agent through activation of various
cell signaling pathways, including AKT, Erk, JNK, and p38-MAPK
(Schorlemmer et al., 2008).

Here, we show activation of AKT and Erk1/2 cell signaling
proteins in response to NRG and, importantly, the potential to
test the ability of NRG to protect hiPSC-CMs from cardiotoxic-
ity. The role of NRG/ErbB signaling in cardiovascular physiology
and disease, cardiac toxicity, and protection against cardiac in-
sults has been reviewed extensively (De Keulenaer et al., 2010;
Fuller et al., 2008; Hedhli and Russell, 2010; Lemmens et al., 2007).
NRG is synthesized in endothelial cells near cardiomyocytes (in

the endocardium and myocardial microvasculature). On release,
NRG binds the ErbB4 receptor on cardiomyocytes that, after ho-
modimerization with ErbB4 or heterodimerization with ErbB2,
leads to activation of AKT and Erk, with subsequent growth-
promoting and cell-protective actions (Lemmens et al., 2007).
The ErbB2/ErbB4 heterodimer has been reported to protect car-
diomyocytes from insult via activation of AKT and Erk1/2 (Albini
et al., 2011). Along these lines, unexpected cardiotoxicity was re-
ported with the inhibitory, humanized anti-ErbB2 monoclonal
antibody trastuzumab, particularly when administered in com-
bination with anthracyclines (Baselga, 2001; Keefe, 2002). It is
hypothesized that inhibition of ErbB2 signaling by trastuzumab
causes blockage of critical downstream protective (AKT and Erk)
responses in the heart (Azim et al., 2009).

NRG has been proposed for treatment of heart failure based
on ErbB signaling, notably AKT and Erk1/2 downstream sig-
naling proteins (Wadugu and Kuhn, 2012). In our study, treat-
ment with NRG activated both AKT and Erk1/2 downstream sig-
naling proteins. Furthermore, activation of ErbB signaling by
NRG significantly attenuated doxorubicin-induced loss of cel-
lular impedance and ATP. As hypothesized, inhibition of ErbB
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signaling by trastuzumab clearly potentiated cardiotoxic ef-
fects of doxorubicin. Furthermore, NRG attenuated doxorubicin-
induced myofibrillar damage as assessed by immunofluores-
cence microscopy of cell cultures stained for myomesin and
actin. Our results are in agreement with the results obtained
in previous in vivo and in vitro studies. NRG improved sur-
vival of doxorubicin-treated mice in vivo (Bian et al., 2009). In
vitro studies conducted with neonatal rat cardiomyocytes that
showed NRG activated AKT and Erk1/2 (as determined by in-
creased protein expression of phosphorylated AKT(Ser473) and
Erk1/2(Thr202/Tyr204) (Chung and Walker, 2007) and NRG atten-
uation of doxorubicin-induced cardiotoxicity (Bian et al., 2009;
Sawyer et al., 2002).

The consistency and robustness of the data obtained from
the hiPSC-CM cultures presented here support the use of this in
vitro model in both early viability screening and detailed mech-
anistic investigations of cardiac myocyte toxicity. An in vitro
model system with fully functional and well-defined signaling
pathways will enable early assessment of potential cardiotoxic-
ity risk. Measurement of ErbB signaling and downstream mod-
ulation events on AKT and Erk1/2 are robust and reproducible
enough to be employed for advanced screening applications.
The functionality of NRG/ErbB signaling is also consistent with
the current mechanistic understanding of this pathway; thus,
fulfilling a need for early stage, functional in vitro models with
defined clinical and mechanistic relevance (Anson et al., 2011 ;
Kattman et al., 2011; Laverty et al., 2011; Ma et al., 2011; Mum-
mery et al., 2012; Puppala et al., 2012; Rana et al., 2012; Sirenko
et al., 2012).
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